Method and Device for Transcranial Magnetic Stimulation 



RELATED APPLICATION DATA 
This application is a continuation of U.S. Patent Application No. 10/003,476 filed on 
5 November 1, 2001, which is incorporated herein by reference in its entirety. 

FIELD OF THE INVENTION 
The present invention relates to a method and a device for transcranial stimulation, in 
particular for non-invasively localising specific areas of the brain, such as for example 
10 the so-called primary areas of the brain. In this way, for instance, brain functions may 
be mapped, i.e. assigned to specific areas of the brain. 

BACKGROUND OF THE INVENTION 
In various areas of medicine, such as for example neurology, psychiatry or brain 

15 surgery, it is desirable to be able to localise specific functional areas of the brain in 
order to be able to map brain functions. If, for example, a brain tumour is to be 
removed by surgery, then as far as possible the tumour should be removed without, 
however, possibly damaging the so-called primary areas of the brain which play a 
decisive role in a person's motor and sensory systems, language, or visual capabilities. 

20 Surgery should, if possible, not damage these areas at all, or only to an exceedingly 
small extent. 

According to a known direct method, such specific areas of the brain have been found 
intra-operatively by direct cortical stimulation (DCS) on an exposed cranium using 

25 electrodes. In this process, an electrode was inserted into a specific area of the brain 
and an electrical impulse applied, wherein the reaction of the person being examined 
following the electrical impulse, for example the twitching of a muscle or the 
perception of visual impressions, is observed. The specific areas of the brain located by 
direct cortical stimulation were marked using small, attached plates which helped the 

30 surgeon's orientation in a subsequent brain operation with respect to areas of the brain 
which are as far a possible not to be damaged. To date, direct cortical stimulation still 
represents the most precise method for mapping brain functions, enabling accuracy in 
the range of a few millimetres when locating specific areas of the brain. However, this 



method can only be performed intra-operatively, the person under examination being 
fully conscious. This, however, can lead to problems in the application of this method, 
since this is an unpleasant state for the person being examined, and if complications 
arise, the person cannot simply be laid down and made to relax, due to the exposed 
5 cranium. 

Furthermore, various indirect methods are known for mapping brain functions, by 
which, however, only a considerably lower accuracy in locating specific areas of the 
brain may be achieved. Thus, in functional nuclear spin tomography (fMRI) for 

10 example, a person under examination has to perform specific actions, such as for 
example a sweep of the hand, which promotes blood flow to the areas of the brain 
assigned to these actions. This change in the blood flow in specific areas of the brain 
may be measured during neuronal activity due to the decoupling of blood flow and 
oxygen consumption, since this gives rise to hyperoxygenation and thus a drop in the 

15 concentration of paramagnetic deoxyhaemoglobin (BOLD-effect), which may then be 
measured by means of suitable sequences of nuclear spin tomography as a so-called 
"endogenic contrast medium". However, as mentioned above, this method is relatively 
imprecise and only provides spatial resolution in the range 0.5 to 1.0 cm. 

20 A method is known from Neurosurgery 1992-1998, December 1997, Volume 41, 
Number 6, 1319 "Stereotactic Transcranial Magnetic Stimulation: Correlation with 
Direct Electrical Cortical Stimulation", wherein stereotactic transcranial magnetic 
stimulation (TMS) is used to pre-operatively functionally map the motor cortex. In this 
process, a patient's head is attached firmly and immovably to a headrest provided with 

25 a rotating arm, on which a figure-eight coil is arranged such that the tip of the arm lies 
beneath the intersecting point of the coil. In this way, the arm is aligned such that the 
tip lying beneath the intersecting point of the two coils points to a specific area in which 
a current is to be induced. 

30 SUMMARY OF THE INVENTION 

It is an object of the present invention to propose a method and a device for stimulating 
specific areas of a brain, by which application may be simplified and the spatial 



2 



accuracy in stimulating and therefore in localising specific areas of the brain may be 
improved. 

This object is solved by the subjects of the independent claims. Advantageous 
5 embodiments are given by the sub-claims. 

In accordance with a first aspect of the invention, the spatial structure of the brain is 
recorded, for example by means of a nuclear spin resonance method (MRI), computer 
tomography (CT) or another suitable method, in a method for stimulating specific areas 

10 of the brain, in order for instance to be able to non-invasively localise primary areas of 
the brain. In accordance with the invention, an induction device used for generating 
magnetic fields necessary for stimulation is examined before stimulation is begun. This 
calculates for example what kind of magnetic field is generated by the induction device 
at specific through-flowing currents, in particular where the magnetic field generated 

15 by the induction device is at its greatest, i.e. exhibits the greatest field strength, for 
example. In this respect, the wire-wound coil(s) of the induction device may for 
example be exactly examined optically, wherein the range or point of the maximum 
magnetic field which the induction device can generate may be calculated from these 
wire- wound coils. The induction device can also for example be x-rayed or examined 

20 by other suitable methods in order to carry out an exact analysis of the induction 
device's current carrying. As an alternative or a supplement to calculating the magnetic 
field which the induction device can generate, a measurement may also be taken to 
determine the spatial range or point of the greatest magnetic field which the induction 
device can generate, in relation to the induction device. In general, an induction device 

25 should, in accordance with the invention, be examined or analysed before being used 
for stimulating specific areas of the brain or for simulating the stimulation of specific 
areas of the brain, in order to determine the spatial positional relationship between the 
induction device and the range or point at which the maximum magnetic field is 
generated by the coil or at which the maximum electrical field induced by the magnetic 

30 field is generated. By using the result of this examination, a simulation model of the 
induction device may be produced, such that the induction device can be arranged 
relative to the brain to be examined in such a way that a desired area of the brain can 
be stimulated by a current flowing in the induction device. Thus, a strong magnetic 
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field, as narrowly restricted as possible spatially, can be focussed on a small area of the 
brain. 

In accordance with a further aspect of the present invention, a simulation model is 
5 produced of the head to be examined, wherein the data determined from recording the 
head's spatial structure may be used to improve the simulation model. The electrical or 
magnetic field generated by the induction device can thereby be relatively exactly 
focussed on a specific point in the brain by suitably positioning the induction device, 
since the layers over the brain which exhibit different conductivities act like various 
10 dielectrics which have a decisive influence on focusing the field on the brain. 

The two methods described above for analysing and simulating the induction device and 
for modelling the head may be used separately or in combination, to further improve 
focussing the field generated by the induction device. 

15 

Using the method in accordance with the invention, transcranial magnetic stimulation 
(TMS) may be improved, and in particular made more precise, which enables specific 
areas of the brain, for example the aforementioned primary areas of the brain, to be 
precisely and non-invasively localised, which may for example improve pre-operative 
20 surgical planning. The methods in accordance with the invention may however also be 
used to examine or cure other brain dysfunctions, such as for example for diagnosing 
epilepsy or Parkinson's disease. By using the methods in accordance with the invention, 
it is possible to map brain functions exactly via an indirect method without having to 
open a person's cranium in order to directly access the brain. 

25 

The head is advantageously modelled by building a finite, multi-shelled model wherein 
electrical and/or magnetic fields for example may be calculated using finite-element 
methods and the individual shells advantageously modelled for example as nested 
spherical or ellipsoid shells with adjustable thicknesses, which may for instance be 
30 arranged concentrically. The model is particularly advantageously sub-divided into 
three shells, wherein the respective shells from the outermost in simulate the scalp, the 
cranial bones and the surface of the brain. These three different areas of the head 
exhibit different electrical and magnetic characteristics, such that modelling a head 
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using three shells with for example different dielectric constants and/or different 
conductivities may for example provide very good results if the values used for the 
electrical and/or magnetic parameters come as close as possible to values determined or 
calculated in experiments. The shell model is also advantageously modified according 
5 to the recorded spatial structure of a head to be examined, wherein the shell model is 
adapted as exactly as possible to the geometry of a head to be examined, for example 
by extending and/or distorting or shifting individual shells. 

Preferably, markers - particularly preferably, passive markers - are arranged on the 
10 head to be examined and/or on the induction device, in order to be able to track the 
induction device and/or the head. Referencing and tracking persons and/or instruments 
is known from the prior art and will not be described here in detail. The induction 
device and head are matched in order to thus be able to determine the relative position 
of the induction device and the head as precisely as possible. Using markers has the 
15 advantage that a person under examination does not have to be securely positioned, but 
rather specific areas of the brain can still be precisely stimulated, even for a person 
moving freely around a room. 

An individual coil consisting of one or more windings, or a combination of coils, may 
20 for example be used as the induction device. It is particularly advantageous to use an 
induction device wherein two coils lying in a plane are adjacent to one another such 
that the coils approximately exhibit the shape of an "8". 

An area of the brain is preferably stimulated by electrical impulses applied to the 
25 induction device which may have a build-up time in the range lpts to 1ms and a 
duration of 10 to lOOO^ts. In this way, the individual impulses can be applied with a 
periodic pattern. 

The spatial structure of the surface of the brain determined by a recording is preferably 
30 displayed optically, advantageously together with a display of the simulated area of 
stimulation for the induction device's current position. With the aid of such an optical 
display, an operator can alter the position and size of the area of stimulation, for 
example by inclining the induction device sideways and/or by moving the induction 



device towards or away from the head, an as small as possible focus point being aimed 
for, in order to obtain as high a spatial resolution as possible when localising specific 
areas of the brain. 

5 Advantageously, the induction device is automatically positioned relative to the head, 
the induction device being positioned, for instance by a movable robot arm having a 
number of degrees of freedom, in such a way that a multitude of points on the surface 
of the brain are stimulated, with a focus point which is as small as possible. In this 
respect, the robot arm may be firmly attached to the head. In this way, suitable points 
10 of stimulation on the surface of the brain may for example be selected by pattern- 
recognition software and/or pre-set by an operator, which the robot arm then 
automatically moves to, such that the positioned induction device stimulates as small an 
area of the surface of the brain as possible. For automatic positioning, the simulation 
model of the induction device and/or of the head may be used. 

15 

In accordance with a further aspect of the invention, a device is proposed for 
stimulating specific areas of a brain, wherein an induction device is provided which is 
firmly connected to markers, preferably passive markers. Such an induction device 
provided with markers can be simply and precisely positioned in accordance with the 
20 invention, in order to stimulate a specific area of the brain with as small a focus point 
as possible. 

Markers are also advantageously arranged on the head to be examined, in a fixed 
spatial arrangement, which may be detected by a position detection device similarly to 
25 the markers connected to the induction device. Preferably, a simulation device is also 
provided, with which the area to be stimulated in the brain may be determined by the 
induction device, wherein a model of the induction device and/or of the head as 
described above may be used to simulate the area of stimulation. 

30 Advantageously, a display device is provided to display the relative position of the 
induction device and the brain, or to display the stimulation field on the brain which 
can be generated by the induction device, allowing an operator to position the induction 
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device as precisely as possible relative to the brain, before a stimulation impulse is 
released. 

The device in accordance with the invention advantageously comprises a device for 
5 automatically positioning the induction device relative to the brain, such as for example 
a robot arm which is movable to a number of degrees of freedom, i.e. which for 
example comprises one or more joints, such that the induction device may for example 
be moved towards or away from the head, or inclined with respect to the surface of the 
head, in order to make an area of stimulation on the brain which can be generated by 
10 the induction device as small as possible. 

BRIEF DESCRIPTION OF THE DRAWINGS 
The invention will now be described by way of preferred example embodiments. The 
drawings show: 
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Fig.l 



a schematic representation of a three-shell model used in accordance with 
the invention; 

a schematic representation of a simulation model according to the prior 



Fig.2a 



art; 
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Fig.2b 



Fig.3 
device; 
Fig. 4a 
Fig.4b 
Fig.5 



a schematic representation of the simulation model in accordance with 
the invention; 

a schematic representation of a coil which may be used as the induction 
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the magnetic field generated by an individual coil; 
the magnetic field generated by two adjacent coils; 

a schematic diagram of the device in accordance with the invention, for 
stimulating specific areas of the brain; 



Fig. 6 



a flow chart of an embodiment of the method in accordance with the 



invention; and 
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Fig.7 



a screen display of the brain with a simulated area of stimulation to assist 
in exactly positioning the induction device. 
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DETAILED DESCRIPTION OF THE INVENTION 
Fig.l shows in diagram form a three-shell model of a head in accordance with the 
invention, wherein: the outer shell I models the scalp; beneath the scalp modelled by 
the outer shell I lies the second shell II which models the cranial bones. The inner area 
5 of the three-shell model is formed by the brain or surface of the brain III. A current in 
the induction device 1, shown schematically as a coil, creates the schematically shown 
magnetic field which comes out of the induction device and passes through the scalp 
and through the cranial bones, in order to induce an electrical field in the brain (these 
respectively modelled by the three shells I, II and III), which causes a ring-shaped flow 

10 of current by which a specific area of the brain is stimulated. Modelling the scalp, 
cranial bones and brain using two outer shells I and II surrounding the modelled brain 
III enables the induction device 1 to be positioned at a specific point, at a specific 
distance from the brain and at a specific angle of inclination relative to the surface of 
the brain, in order to concentrate the electrical field induced on the surface of the brain 

15 by the magnetic field of the induction device into as small an area as possible, to thus 
obtain as strong a focus as possible. 

Fig. 2a shows in diagram form a model which has been used hitherto for modelling an 
electrical field generated by two adjacent coils lying in a plane and forming the 
20 induction device 1. This, however, has not taken into account the fact that, due to the 
curvature of the head, the electrical field induced on the surface of the brain by the 
induction device 1 is affected by curved shells with different conductivities and 
dielectric constants. 

25 Fig. 2b shows in diagram form the outer shell I of the three-shell model in accordance 
with the invention, with the induction device 1 lying over it, enabling a head to be more 
exactly modelled and thereby an induced electrical field to be more exactly focussed. 

Fig. 3 shows in diagram form a coil comprising a number of windings which may for 
30 example be used as a partial element of the induction device 1 shown in Fig. 2b. As 
may be seen from Fig. 3, the coil is not formed from concentrically nesting conductors, 
but from a single conducting element developed in the shape of a spiral, which leads to 
a slight asymmetry of the magnetic field generated by such a spiral-shaped conducting 
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element. The concretely used induction device must thus be examined in order to obtain 
a good simulation model. The assumption, for example, that the maximum in a 
magnetic field generated from a figure-eight coil is beneath the intersecting point is not 
generally the case due to the asymmetry of a wire-wound coil, and leads to poor results 
5 in TMS. A magnetic field generated by, for example, two adjacent coils wound in the 
shape of a spiral exhibits the field strength distribution shown in diagram form in 
Fig. 4b. By comparison, Fig. 4a shows the field generated by just one coil. It can easily 
be seen that with a high field strength, better focus can advantageously be realised by a 
double coil arrangement. Due to the ring-shaped maximum, the magnetic field strength 
10 distribution shown in Fig. 4a, generated by a single coil, cannot be focussed onto a 
small area as well as the magnetic field in Fig. 4b, generated by a double coil, which 
has a clear, pointed maximum. 

Fig. 5 shows in diagram form a device in accordance with the invention for stimulating 
specific areas of a brain, wherein an induction device 1 connected to a reference star la 

15 is connected to a guiding device 3 which generates impulses, to stimulate specific areas 
in the brain of the person shown, on whom a further reference star 4 is arranged 
securely. If, for example, a motor area of the brain is stimulated, then a stimulus 
impulse can be measured by an electromyography (EMG) measurement, as shown for 
example on the measuring device 5, by means of a surface electrode 2 arranged for 

20 example on the person's arm. By back-coupling the measuring device 5 to the guiding 
device 4, the motor area can automatically be localised as exactly as possible, the 
induction device 1 for example being automatically placed in a suitable position for one 
or more stimulations by means of a robot arm. 

25 Fig. 6 shows in diagram form the flow chart for an embodiment of the method in 
accordance with the invention. In a first step 10, the spatial structure of a head together 
with the brain is recorded using nuclear spin resonance (MRI). The data obtained in 
step 10 are used in step 11 to generate a simulation model of the recorded head, 
wherein for example as described above, the scalp, cranial bones and brain are 

30 modelled as three areas I, II and III, each exhibiting a characteristic dielectric constant 
and a characteristic conductance. The head is connected to a reference star 4, as shown 
in Fig. 5, through which its spatial position may be simply detected at any time 
(tracking). 



In step 13, the induction device 1 used is modelled, wherein data which obtained from 
an exact examination of the spatial structure of conductors and/or coils contained in the 
induction device may be used to model it, such that a magnetic field which can be 
5 generated by the induction device may be relatively exactly calculated and simulated. 
Furthermore, the induction device can also b modelled by evaluating measurements 
from the magnetic field generated by the induction device. By modelling, a focus range 
of a concretely used induction device may be relatively exactly determined. As shown 
in Fig. 5, the induction device is connected to a reference star la, by which the 
10 induction device may be tracked, similarly to the head connected to a reference star 4. 

In step 15, the co-ordinates of the head and thus of the spatial position of the structure 
of the brain obtained by MRI are aligned (matched) with the co-ordinates of the 
induction device, from which the spatial position of the induction device relative to the 

15 spatial structure of the head, in particular of the brain, determined by nuclear spin 
tomography may be obtained. By using this now known spatial positional relationship, 
the induction device can be positioned on the head in step 16, wherein the modelling 
data of the induction device and the modelling data of the head are used to simulate the 
induction range generated on the brain by the current flow of the induction device. If 

20 positioning is such that as small an area of the brain as possible is stimulated by the 
induction device in the simulation, then this area already determined by a simulation is 
stimulated in step 17. An observer can then establish what specific reactions a person 
shows when this specific area is stimulated, wherein it can be determined by way of 
these reactions, such as for example the twitching of a muscle, disruption to speech or 

25 the like, whether the stimulated area of the brain possesses a specific function. If this 
process of positioning and stimulating is carried out for a multitude f areas of the brain 
by repeating steps 16 and 17, then brain functions may be mapped, wherein in 
particular the primary areas of the brain of the person under examination may be 
localised. In this way, the induced electrical field desired must be calculated anew using 

30 the simulation models, wherein for example up to seven degrees of freedom (three for 
translation, three for rotation, and one for coil current) must be taken into account with 
respect to the induction device. 
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Fig. 7 shows in the two upper halves of the image the structure of a brain based on data 
obtained through nuclear spin resonance from two different angles of view. The two 
images beneath show the position of the induction device relative to the brain, wherein 
the induction device may be placed according to displayed guidance signals in a suitable 
5 position for stimulation. 
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